Site-specific cleavage of proteins with metal chelates is an approach for designing artificial proteolytic reagents that are directed by proximity to a peptide bond rather than by an amino acid residue type. In the presence of ascorbate and H202, an iron chelate attached to Cys-212 of the enzyme human carbonic anhydrase I quickly cleaved the protein between residues Leu-189 and Asp-190 to produce two discrete fragments. The transfer of an 180 atom from [180]H202 (or [180102) to the carboxyl group of Leu-189 was demonstrated by mass spectrometry. Quantitative experiments revealed that one molecule of H202 and one molecule of ascorbate afforded the hydrolysis of one peptide bond (1:1:1 stoichiometry) and that the reaction required ascorbate and H202. The process is catalytic, since related experiments on the protein bovine serum albumin revealed two cleavage events for each polypeptide chain cleaved. Hydroxyl radical scavengers had no significant effect. These results may be explained by generation of a highly nucleophilic oxygen species, such as peroxide coordinated to the iron chelate, that attacks a carbonyl carbon nearby.
[180]H202 (or [180102) to the carboxyl group of Leu-189 was demonstrated by mass spectrometry. Quantitative experiments revealed that one molecule of H202 and one molecule of ascorbate afforded the hydrolysis of one peptide bond (1:1:1 stoichiometry) and that the reaction required ascorbate and H202. The process is catalytic, since related experiments on the protein bovine serum albumin revealed two cleavage events for each polypeptide chain cleaved. Hydroxyl radical scavengers had no significant effect. These results may be explained by generation of a highly nucleophilic oxygen species, such as peroxide coordinated to the iron chelate, that attacks a carbonyl carbon nearby.
Transition metals are known to catalyze a number of oxidative chemical reactions with deleterious effects in biological systems (1) (2) (3) . Some of these reactions have been put to practical use in the laboratory to explore the properties of ligand-DNA complexes (4) (5) (6) (7) (8) (9) or the properties of proteins (1, 2) . Recently, we and others (10) (11) (12) (13) have sought to extend this technology to develop reagents that cleave polypeptide chains at sites determined by proximity to a metal chelate. In doing so, we discovered a reaction by which a protein could be cut by an analog of iron-EDTA in the presence of ascorbate and H202 (10) ; surprisingly, the net reaction involved hydrolysis-not oxidation-of the peptide backbone.
Here we report studies of the mechanism of the reaction indicating that the observed peptide cleavage results from generation of a powerful nucleophile that selectively attacks peptide carbon rather than the anticipated action of hydroxyl radical. The observed nucleophilic reaction is remarkable in light of the extensive literature (e.g., refs. [1] [2] [3] [4] [5] [6] [7] [8] [9] buffer E contained buffer D with 10 mM ascorbate; buffer F contained 0.5 ml of 25% (wt/vol) NaDodSO4, 0.31 ml of 2-mercaptoethanol, 0.12 ml of glycerol, 0.215 ml of 2 M Tris HCl (pH 6.8), and 0.1 ml of 0.2% (wt/vol) bromophenol blue.
Preparation of Iron-(S)-l-(p-Bromoacetamidobenzyl)-EDTA (Fe-BABE) Complex. BABE was synthesized as reported (16, 17) . Complexation of iron was carried out as follows. Four hundred microliters of 9.4 mM BABE was used, with the pH adjusted to 1.0 by adding 8.0 ,ul of 6.0 M HCL. A trace amount of 59Fe solution in 2.0 M HCI was added to the chelate solution and incubated at room temperature for 30 min. The pH of the solution was raised to 3.0 by the addition of 1.0 M ammonium acetate, and 300 ,ul offreshly prepared 20 mM ferrous ammonium sulfate was added. After 1 hr of incubation at room temperature, the chelation of 59Fe with BABE was confirmed by thin-layer chromatography (15 tTo whom reprint requests should be addressed.
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electrophoresis. For the experiments with different radical scavengers, thiourea, mannitol, or tert-butyl alcohol (at a final concentration of 0.5 M in buffer D) was added to the reaction mixture before addition of H202.
Cleavage also was carried out under 1 atm (1 atm = 101.3 kPa) of 02 by incubating 100 AM modified HCAI in a sealed container at 370C for 30 hr in buffer E. The reaction was quenched and analyzed as described above. H202 titrations were carried out under the conditions described above, except that H202 was added to final concentrations of 10-120 AM in 10 ,uM increments. Ascorbate titrations were carried out in the presence of 5 mM H202 in buffer D, and ascorbate was added to final concentrations of 10-120 ,M in 10 l M increments. The protein gels used in these experiments employed NaDodSO4/polyacrylamide (23), 20 cm X 0.75 mm with a 7.5-20% acrylamide gradient. Gels were run for 1 hr at 80 V and then at 50 mA until the bromophenol blue tracking dye had eluted from the bottom (-4 hr). Products were visualized by Coomassie blue or silver stain (24) . Band intensities were quantified on a Visage-60 bioimage analyzer (Kodak).
For amino-terminal sequencing of the cleaved fragments, the proteins were transferred from polyacrylamide gels to poly(vinylidene difluoride) (PVDF) membrane (25) . Aminoterminal sequence analyses were performed by automated Edman degradation, using an Applied Biosystems 470A gas phase sequencer.
For carboxyl-terminal sequence analysis, the 21-kDa fragment was recovered from the gel by electroelution (26) . The 8-kDa fragment was eluted from the gel by the method of Tolan et al. (27) and recovered by acetone precipitation (28) . Concentrations of eluted proteins were measured by the micro-bicinchoninic acid method (29) . Carboxyl-terminal sequence analyses were performed by carboxypeptidase Y digestion (30, 31 Products were isolated and analyzed as described above.
RESULTS
The experimental strategy for site-specific chelate conjugation and selective cleavage of HCAI is outlined in Fig. 1 . Cys-212 specific conjugation of HCAI to Fe-BABE was performed in 5 M guanidine hydrochloride (18 deg-cm2 dmol-1).
At the beginning of this study, we expected that the cleavage would be initiated in some way by hydroxyl radical. To explore the effect of radical scavengers, the cleavage reaction was carried out in the presence of thiourea, mannitol, and tert-butyl alcohol (7, 34) . In Fig. 2 , the products of the cleavage reaction in the presence and the absence of radical scavengers are shown (lanes [3] [4] [5] [6] . As can be seen from the similarity of the cleavage products and their relative intensities, high concentrations of radical scavengers (0.5 M) had no effect on the cleavage reaction. This suggested the possibility that the Leu-189/Asp-190 peptide bond in HCAI (35) . Thus, no modification of the sulfhydryl group was achieved after incubation of the enzyme with a 50-fold molar excess of BABE at 37°C, pH 7.5, for 48 hr. In favorable cases it is possible to unfold the protein, modify this buried group with a probe molecule, and subsequently refold the protein to a native (or native-like) active conformation (18, 35) . The modified and reactivated enzymes have properties similar to the native enzyme.
The cleavage of HCAI was very efficient; with a concentration of H202 equal to the protein concentration, all of the HCAI molecules bearing chelates were cleaved in 10 sec. As had been previously observed with bovine serum albumin (10), the amino acids at the site of cleavage were detected unaltered. For bovine serum albumin, the yield of the aminoterminal amino acid in the first cycle of Edman degradation was roughly half that of the following residue obtained in the second cycle. For the 8-kDa fragment of HCAI the yield of the amino-terminal amino acid in the first cycle of Edman degradation was consistent with yields of the succeeding residues, implying that side reactions were insignificant (the amino terminus of native HCAI, which is also the amino terminus of the 21-kDa fragment, is blocked and cannot be sequenced by these procedures).
One may ask whether every break in the polypeptide chain is accounted for by simple hydrolysis or whether other reactions also contribute. We compared the number of moles of protein added to a cleavage reaction with the number of moles of resulting fragments, as determined during Edman sequencing. In one experiment, at least 67% ofthe HCAI was converted into new amino termini; in another, at least 53%. These observations provide only a lower limit on the yield of the hydrolysis reaction; variable losses of material during the processing steps could easily account for the observed differences, and the true yield is almost certainly higher. Thus, most (if not all) of the HCAI molecules are cleaved by hydrolysis of a peptide bond.
The high efficiency and lack of side reactions observed with this conjugate led us to explore the mechanism of the cleavage reaction. The observation of 18' atom transfer from H202 to the newly formed carboxylate is not what would be expected for a process mediated by the electrophilic hydroxyl radical (12) . Rather, the attack of a nucleophile on the polypeptide backbone is indicated. In studies of cytochrome P-450, which contains a porphyrin-iron prosthetic group, several authors have suggested the occurrence of nucleophilic attack of iron-coordinated peroxo groups at carboxyl carbon (36) (37) (38) .
Studies of the conversion of benzonitrile to benzamide by Wiberg (39) showed that the hydroperoxide anion is highly nucleophilic. Jencks and Carriuolo (40) compared the reactivity of nucleophiles toward carboxylic esters, finding that peroxide anions HO-0 and CH30O-0 were >102times more reactive than hydroxide. Edwards and Pearson (41) noted that the alpha effect, which arises from the presence of unshared electron pairs on the atom adjacent to the nucleophiic atom, appears to be particularly important for the peroxides.
It is possible that the tethered iron complex studied here serves first to localize and orient a peroxo nucleophile with respect to the peptide bond. The oxidation states of iron involved in this process are not yet characterized, but it is known that ferric-EDTA is heptacoordinate in the crystalline state, having six atoms donated by EDTA and one by a water molecule (33) . Nucleophilic ligands have been shown to bind this complex, presumably by replacing the water molecule (42) . Fee and co-workers (43, 44) investigated the dismutation of superoxide by iron-EDTA and suggested that an intermediate peroxo complex [Fe3+-EDTA-O22-] was formed. This complex has been studied in detail; at pH >9, the peroxide ion binds to iron in a side-on, bidentate fashion (45) , whereas at pH 7.6, it binds end-on, monodentate (46 points toward the Cys-212 residue, presumably making nucleophilic attack on carbon by a reagent attached to Cys-212 unfavorable. All of the above observations are consistent with the proposal that in the presence of H202 (or molecular oxygen) and ascorbate, iron-EDTA may form an intermediate oxygen-activated complex that leads to nucleophilic attack by oxygen on the carbonyl carbon of the peptide bond. The outline of a reaction mechanism can be suggested (Fig. 4) . In the first step, intermediate B is formed by the direct binding of H202 to the metal chelate. Intermediate B also could be formed after 02 has been reduced to H202 by ascorbate in the presence of the iron chelate (2, 48) . The oxidation state of Fe in B is not known; if it is Fe(II), B might be expected to decompose to form hydroxyl radical (48) . In the next step, coordinated peroxide acts as a nucleophile to attack the peptide bond, forming the key intermediate C. It may be that the efficiency of this nucleophilic attack is such that it occurs before hydroxyl radical formation can take place, in which case the proximity and orientation of the reacting groups would be crucial to the observed selectivity of the reaction. The final step could be heterolytic cleavage ofthe C-N bond and of the peroxide to yield a new carboxyl terminus, or it could be a more complex series of steps leading to incorporation of an 180 atom into Leu-189. Subsequently, the metal complex is presumed to be converted back to its original form; since peptide chains were cleaved twice during the cleavage of bovine serum albumin, the chelate evidently Plausible mechanism for the observed proteolysis. Ascorbate may be involved in one step as a two-electron reductant or in two, one-electron steps. The oxidation state of iron in A is Fe(III); in the other species, it is unknown. The proposed mechanism satisfies the experimental observations of 1:1:1 ascorbate:H202:cleavage stoichiometry, 0 atom transfer to the new carboxyl group, extremely narrow geometric constraints, insensitivity to hydroxyl radical scavengers, and apparent regeneration of the starting metal species.
generates the reactive species at least twice and possibly many times (10) .
The observed chelate-mediated proteolysis apparently does not depend on the chemical reactivity of the amino acid residue that is to be cleaved; besides the Leu/Asp hydrolysis of HCAI, the cleavage of bovine serum albumin occurred between Ala-150 and Pro-151 and between .
The transformation of a bifunctional chelate into a sitespecific protease provides a methodology to characterize structural features of proteins and their complexes under physiological conditions. Further developments of this technology could lead to the specific cleavage of fusion proteins or the mapping of ligand binding sites on proteins, analogous to currently available methods for mapping binding sites on nucleic acids (4-9).
